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COMMUNICATION SATELLITE 
OUTPUT DEVICES 
N.  E .  Feldman 
The RAND Corporation, Santa Monica, C a l i f o r n i a  
3; 
INTRODUCTION 
A COMMUNICATION SATELLITE operat ing a t  microwave frequencies  i s  
n o t  constrained t o  the  use of a vacuum tube f o r  generat ing an output  
s i g n a l .  Various semi-conductor devices a r e  a l s o  a v a i l a b l e  and, though 
they are sub jec t  t o  c e r t a i n  l i m i t a t i o n s ,  they o f f e r  advantages which 
make t h e i r  use a t t r a c t i v e  i n  some a p p l i c a t i o n s .  Both semiconductors 
and vacuum tubes have been subjected t o  i n t e n s i v e  development f o r  use 
i n  the unique environment of space-craf t .  As  a r e s u l t ,  semiconductors 
a re  a v a i l a b l e  wi th  improved r e s i s t a n c e  t o  damage by charged p a r t i c l e  
f l u x ,  and semiconductor c i r c u i t s  a r e  a v a i l a b l e  whose performance i s  
less inf luenced by temperature v a r i a t i o n .  S imi l a r ly ,  extremely l i g h t  
weight vacuum tubes have been developed which u t i l i z e  h e a t  t r a n s f e r  
without  f l u i d  flow. 
* 
Any views expressed i n  t h i s  paper a r e  those of t he  author.  They 
should n o t  be i n t e r p r e t e d  as r e f l e c t i n g  the views of  The RAND Corporation 
o r  t h e  o f f i c i a l  opinion o r  policy of any of i t s  governmental o r  p r i v a t e  
r e s e a r c h  sponsors.  Papers are reproduced by The RAND Corporation as a 
cour t e sy  t o  members of i t s  s t a f f .  
of RAND RM-4298-NASA, Mult iple  Access Techniques f o r  Communication S a t e l l i t e s :  
I .  Survey of t he  Problem, September, 1964, and w a s  sponsored by t h e  National 
Aeronautics and Space Administration under Contract No. NASr-21(02). It 
w a s  r ev i sed  June 1%5, 
This paper o r i g i n a l l y  appeared a s  "Section V .  S a t e l l i t e  Output Devices" 
.The author is indebted t o  Edward Bedrosian of  The RAND Corporation f o r  
suggest ing t h e  empi r i ca l  approach used i n  generat ing Fig, 6, and t o  Worthie 
Doyle for  h e l p f u l  c m e n t s ,  
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I n  general ,  f o r  communication s a t e l l i t e  ope ra t ions ,  e i t h e r  type 
of device must have a long ope ra t ing  l i f e  w i th  high r e l i a b i l i t y  a t  
the lowest poss ib l e  c o s t  i n  system weight.  
weight i n  t h i s  case includes the weights of the output  s t a g e ,  any 
high l eve l  d r ive r  s t ages  which may be necessary,  the a s s o c i a t e d  
vo l t age  conversion and r e g u l a t i o n  equipment and the a s s o c i a t e d  prime 
power or  energy source.  
such as tunnel diodes,  t r a n s i s t o r s ,  and v a r a c t o r  diodes and vacuum 
tube ampl i f i e r s  such as t r i o d e s ,  k l y s t r o n s ,  ampli t rons and TWTs t o  
generate s i g n a l  power e f f i c i e n t l y  a t  f requencies  of 1 t o  10 kMc and 
power l eve l s  of 0 . 1  t o  100 w a t t s  i s  t he  primary concern of t h i s  
The c o s t  i n  system 
The r e l a t i v e  a b i l i t y  of semiconductor devices ,  
paper.  
11. SEMICONDUCTORS 
Semiconductor devices c u r r e n t l y  considered f o r ' o u t p u t  s tages '  a r e  the 
tunnel  diode, the t r a n s i s t o r  and the v a r a c t o r .  Tunnel diodes a r e  p re sen t ly  
r e s t r i c t e d  t o  power outputs  below 100 m i l l i w a t t s .  ('1 
diode ampl i f i e r s  and o s c i l l a t o r s  i n  the  1 t o  10 kMc range have power out-  
pu t s  i n  the  0.01 mw t o  20 mw range. Because of t h e i r  low power, tunnel 
diodes a r e  not u se fu l  as output  s t ages  f o r  communication s a t e l l i t e s  when 
one o r  a few diodes a r e  used, s i n c e  they provide too low an information 
I n  f a c t ,  most tunnel 
r a t e  for  the ground terminal investment. (2) To overcome t h i s  l i m i t a t i o n ,  
techniques f o r  using these devices i n  l a r g e  a r r a y s  (3' 4 ,  have been proposed, 
but such schemes a r e  dependent on the development of s u i t a b l e  techniques 
3 
f o r  erect,.ig and po in t ing  a r r ays .  The low inc iden t  s i g n a l  l e v e l s  a t  
t h e  tunnel diode r e s u l t  i n  e s s e n t i a l l y  linear opera t ion  so t h a t  except  
f o r  a more r e s t r i c t e d  bandwidth, l a rge  a r r ays  of tunnel  diodes would 
be comparable t o  l a r g e  pass ive  r e f l e c t o r s .  
Although present  t r a n s i s t o r s  a re  a b l e  t o  provide about 1-2 w a t t s  
a t  1000 Mc i n  labora tory  u n i t s ,  ( 5 ’ 6 y 7 y 8 )  only about 1 t o  10 mw a r e  
a v a i l a b l e  now a t  4000 M c .  
vacuum tubes a t  t h e  5 t o  25 w a t t  l e v e l  in the  100 t o  500 M c  range.  
It w i l l  be years  before  this  range is  extended upward s i g n i f i c a n t l y ,  be- 
cause of t he  d i f f i c u l t i e s  of f a b r i c a t i n g  the  higher-frequency power 
t r a n s i s t o r .  Thus t h e  t r a n s i s t o r  i s  n o t  a s u f f i c i e n t l y  high-power output  
dev ice  a t  about 4 kMc f o r  use now as t h e  output  s t a g e  of an active com- 
Trans i s to r s  have j u s t  begun cha l lenging  
(9,10,11)  
munication satellite. 
Continuing r e sea rch  can be a n t i c i p a t e d  on space a r r a y s  employing 
l a r g e  numbers of l o w  t o  intermediate  power s o l i d  state devices  such as 
tunne l  diodes am3 t r a n s i s t o r s , i n  order t o  solve the  problems of genera t ing  
h igh  power in space,  of r a d i a t i n g  l a rge  q u a n t i t i e s  of waste h e a t  i . e . ,  
p l a t e  o r  c o l l e c t o r  d i s s i p a t i o n ,  and of l i f e t i m e  and r e l i a b i l i t y .  I n  
p r i n c i p l e ,  the antenna ga in  poss ib le  wi th  a r r a y s  may f o r  some appl ica-  
tions o f f e r  a means of avoiding the f i r s t  two problems, wh i l e  t h e  h igh  
redundancy of the devices  may permit s o l u t i o n s  t o  the las t  two problems. 
S o l i d - s t a t e  medium-power generat ion today above 1 kMc u t i l i z e s  
v a r a c t o r  diodes.  (8’12) One method uses v a r a c t o r s  as frequency mul t i -  
p l i e r s  (12y13y14’15y16) as shown in F i g s .  l a  through IC A t  t h e  p r e s e n t ,  
doubler  c i r c u i t s  us ing  s i n g l e  diodes can y i e l d  up t o  20 w a t t s  a t  1000 
M c .  (17) 
o v e r a l l  e f f i c i e n c y  a t  4 kMc a t  the few w a t t  level should be achievable .  
Using devices  which are now becoming a v a i l a b l e ,  15 per cent 
4 
f 2 3  
f 
3 3  - *  
c v *  
. .  
f 
Y 
0 0 3  
r r , 3  . .  
- a  
f 
c u 3  
8 
hl 
I\ 4 
e 
n 
7 -  
M *  
- 0  I 
W 
5 3  
b o  . .  co-Fp M 0
-0 3  
9 
m ,  8 2  
8 
03 
Ir) P 
I 
. .  I 
o o  
r r , .  
m o  I 
z 
Q 
8 
s 
I- 
v, 
C" 
Z 
c 
c 
Z I 
a;, I 
W - 
w a 
I- 
w 
OL 
.- 
.- c. -
3 
L 3 E 
a;, 
Y 
3 
LL 
5 
Figure IC shows one method by which such improvement may be obtained. 
A similar gain in efficiency could be realized through greater improvements 
in diode efficiency or in higher-frequency transistors. Microwave amplifi- 
cation and parametric frequency multiplication within a single transistor (11) 
may eventually offer better efficiencies than the combination of a tran- 
sistor and a separate varactor diode. 
Another approach to solid state varactor power generation is shown 
(12,13918,191 in which in the circuit of Fig. 2--a parametric upconverter 
the pump power is generated in a narrow-band (0.1 to 0.5 per cent) varactor 
multiplier chain. By virtue of the narrow bandwidth permissible for the 
transistor amplifier, driver, and multiplier, the pump chain offers higher 
efficiency than can be obtained in the broader-bandwidth circuits assumed 
in Figs. la through IC for processing a communication signal. The increased 
efficiency of the chain cannot, however, fully offset the power loss of the 
upconverter from pump to output frequency. 
19,201. 
from 2 to 8 kMc. Thus there is a net loss of efficiency compared to the 
multiplier circuits of Fig. 1; butthere is an important difference in the 
characteristics of the two in that the multiplier chain multiplies (i.e., 
expands) the signal bandwidth as well as its center frequency, while the 
upconverter produces a pure frequency translation. 
frequency of 200 Mc or more (the upper sideband) and filtering are desirable 
to facilitate rejection of the carrier and lower sideband, as well as other 
frequency components present in the upconverter pump signal. Although 
upconverter bandwidths have been limited to 0.1 to 0.2 per cent based on 
output frequency, 1 to 2 per cent has recently been demonstrated, without 
'Qpical converter efficiencies, (18, 
i.e., oiltput pclwer/pmp power, are about 50 per cent for frequencies 
A high intermediate 
6 
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s a c r i f i c i n g  e f f i c i e n c y .  The corresponding bandwidths based on the  
input  s i g n a l  range from 10 t o  50 p e r  cent  f o r  s igna l s  from 25 t o  500 Mc. 
I n  order  t o  ob ta in  t h e  power l e v e l s  and e f f i c i e n c i e s  c i t e d  i n  F ig .  1, 
a r a t h e r  soph i s t i ca t ed  technology has evolved. The p r o l i f e r a t i o n  of 
companies engaged i n  research and development on s o l i d - s t a t e  mul t i -  
p l i e r s ,  and t h e  d i v e r s i t y  of t h e i r  app l i ca t ions ,  has r e s u l t e d  i n  a 
dynamic technology with widely d ispara te  achievements. The comments 
which follow attempt t o  r e f l e c t  general  experience i n  t h i s  a r e a ,  but 
a r e  or ien ted  toward space appl ica t ions  r a t h e r  than competi t ive volume 
product ion.  
those  shown i n  Fig.  IC is n o t  pr imari ly  due t o  t h e  i n a b i l i t y  t o  manu- 
f a c t u r e  devices  capable of such performance but r a t h e r  due t o  the  
l imi t ed  supply of highly s k i l l e d  c i r c u i t  designers and of funds and 
t ime f o r  optimizing t h e  design.  This problem may continue t o  e x i s t  
because t h e  market f o r  equipmentwhich squeezes the  l a s t  drop of 
e f f i c i e n c y  out  of components i s  a l i m i t e d  one; f o r  example, u n t i l  the  
space age,  t h e  design of high e f f i c i ency  microwave tubes a t  t h e  2 t o  
20 w a t t  power level was  e s s e n t i a l l y  an academic problem. 
Today t h e  obs t ac l e  t o  achieving r e s u l t s  comparable t o  
To handle t h e  d r i v e  powers o r  t o  ob ta in  the  e f f i c i e n c i e s  shown i n  
F ig .  1, it  is sometimes necessary t o  p a r a l l e l v a r a c t o r s .  
done i n  the  conventional manner, o r  i n  a balanced microwave configura-  
t i o n  wi th  l i t t l e  loss i n  e f f i c i ency  but w i th  a doubling of t h e  al lowable 
power level and o the r  advantages. 
per  diode permits higher  e f f i c i e n c i e s  t o  be obtained,  a s  i s  ev ident  from 
F igs .  3 and 4. 
a t  roomtempera turefor  a s i n g l e  s t a g e  as furnished p r i n u r i l y  by one manu- 
f a c t u r e r  , (16) bu t  they are f a i r l y  t y p i c a l .  The except ion in both f i g u r e s  
This can be 
Operating a t  a lower power l e v e l  (21) 
The d a t a  i n  these f i g u r e s  a r e  based on c i r c u i t  performance 
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i s  t h e  one point  f u r t h e s t  t o  t h e  r i g h t .  (I7 y 2 2 )  More recent experimental ly  
determined e f f i c i e n c i e s  by t h e  same manufacturer'') are somewhat lower 
a t  t he  2 . 5  kMc input  frequency and s u b s t a n t i a l l y  lower a t  5 .0  kMc inpu t  
f o r  doublers ,  but a r e  s u b s t a n t i a l l y  h ighe r  f o r  t r i p l e r s  a t  5.0 kMc inpu t .  
Since the  performance of v a r a c t o r  c i r c u i t s  a s  ca l cu la t ed  from t h e  diode 
parameters has not c o r r e l a t e d  p r e c i s e l y  wi th  measurements, (8) manufacturers 
have begun t o  c h a r a c t e r i z e  the  devices  by means of t h e  c i r c u i t  parameters 
of frequency and power level.  It may be noted from F i g s ,  3 and 4 t h a t  
v a r a c t o r  m u l t i p l i e r  e f f i c i e n c y  i s  much more s e n s i t i v e  t o  t h e  ope ra t ing  
frequency than t o  t h e  power l e v e l .  
To obtain optimum e f f i c i e n c y ,  t h e  diode must be s e l e c t e d  i n  each 
s t a g e  t o  s u i t  t h e  d r i v e  level. (23)  For diodes emphasizing "snap-off", 
step-recovery o r  charge s to rage  e f f e c t s  (I5' 17' 24y 25) t h i s  r e s t r i c t i o n  
becomes l e s s  important.  
and thus  allowable d r i v e  power becomes l imi t ed  i f  t h e  v a r a c t o r  i s  t o  
have high Q (and thus high e f f i c i e n c y ) .  Even opt imal ly  s e l e c t e d  diodes 
can handle less power and are less e f f i c i e n t  a t  t h e  higher  f r equenc ie s ,  
as i s  evident i n  F igs .  3 and 4. For s t i l l  higher  power l e v e l s ,  p a r a l l e l i n g  
numbers of diodes i s  being s tud ied .  P a r a l l e l i n g  complete m u l t i p l i e r  chains  
i s  possible ,  but  r e s u l t s  i n  a 1 t o  2 db loss a t  p re sen t  relative t o  t h e  sum 
of the  powers. (26) P a r a l l e l i n g  t r a n s i s t o r s  i n  t h e  v a r a c t o r  chain d r i v e r  i s  
but  r e q u i r e s  c a r e f u l  matching of DC and RF c h a r a c t e r i s t i c s ,  a l s o  poss ib l e  (27) 
and r e s u l t s  i n  a loss of some ga in  and e f f i c i e n c y .  (28) 
widths of t h e  complete chains  i n  Figs .  la through IC are 1 t o  5 per cen t .  
A t  t h e  higher  f r equenc ie s ,  breakdown vo l t age  
Typical 3-db band- 
11 
3 t o  20  per cen t  ( f 7 )  are a - t a inab le  by t r a d i n g  Larger  bandwidths e.g.  
e f f i c i e n c y  . (1, 29) 
Where bandwidth is important, doubler cha ins  a re  i n  genera l  p r e f e r -  
a b l e  t o  cha ins  us ing  t r i p l e r s .  As far as e f f i c i e n c y  i s  concerned, how- 
eve r ,  t h e  lower e f f i c i e n c y  of t h e  t r i p l e r  is o f f s e t  by the  fewer number 
of s t a g e s  r equ i r ed ,  assuming the terminal  f requencies  a r e  about t h e  same 
Thus Fig. 5 shows t h a t  f o r  2 wat t s  i n p u t ,  t he  power a t  400 Mc and aga in  
a t  3200-3600 Mc i s  about t he  same, us ing  t y p i c a l  va rac to r  e f f i c i e n c i e s  
from Figs .  3 and 4 .  The point  is  t h a t  t h e  e f f i c i e n c i e s  a r r ived  a t  i n  
F igs .  l b  and IC are n o t  due t o  any inhe ren t  advantage of t r i p l e r s .  The 
choice  between doublers  and t r i p l e r s  is  made on t h e  b a s i s  of a v a i l a b l e  
h igh-ef f ic iency  transistors providing moderate ga ins ,  and by considera-  
t ion of t h e  terminal frequency. (27) Cost of diodes and r e l i a b i l i t y  
f avor  t h e  t r i p l e r ;  lower power d i s s i p a t i o n  pe r  diode,(12)  ease  of des ign  
and tun ing  p l u s  g r e a t e r  o v e r a l l  bandwidth(27) favor  the  doubler .  
Cascaded m u l t i p l i e r  s t ages  m u s t  have more bandwidth and must be 
c a r e f u l l y  matched over a l a r g e r  band than  w i l l  be used, t o  allow f o r  
bandwidth shr inkage (27) and t o  avoid spur ious  o s c i l l a t i o n s  and i n s t a b i l i t y .  
High e f f i c i e n c y  broadband s t a g e s  may r e q u i r e  f u r t h e r  decoupling wi th  a 
subsequent loss i n  e f f i c i e n c y .  
o v e r a l l  m u l t i p l i e r  e f f i c i e n c y  to less than  that  of a s i n g l e  h igher  order  
s t a g e ,  p a r t i c u l a r l y  a t  t h e  lower f requencies .  (1’12) The d i f f i c u l t i e s  
i nc rease  wi th  the number of cascaded s t ages .  
I n t e r s t a g e  coupl ing l o s s e s  may reduce (29) 
(1) 
0 
The preceding f i g u r e s  a r e  for  ope ra t ion  a t  +20 C.  As t h e  ambient 
Assuming t h a t  t h e  change temperature  i s  r a i s e d ,  e f f i c i e n c y  f a l l s .  (23) 
i n  diode j u n c t i o n  capac i tance  is compensated f o r ,  t h e  diode s t a g e s  s t i l l  
12  
9 3 f  
13 
I degrade wi th  increased temperature due t o  t h e  series r e s i s t a n c e .  I f  
t h e  t r a n s i s t o r s  have adequate cooling and are operated i n  t h e  s a f e  
a rea (8 )  t o  prevent  thermal i n s t a b i l i t y ,  a t y p i c a l  decrease i n  the  over- 
a l l  chain e f f i c i e n c i e s  of Fig.  lwou ld  be about 25 per  cent  as the  
(29y30) Some u n i t s ,  however, temperature  inc reases  from +20 C t o  +80 C 
0 
(1,23,31) 
I show l i t t l e  change. 
For present t r a n s i s t o r  and varac tor  technology, t o  o b t a i n  maximum 
(24) power r equ i r e s  d r i v i n g  a t  SO t o  100 Mc and mul t ip ly ing  t h e r e a f t e r ;  
for maximum overall e f f i c i e n c y ,  however, d r iv ing  should be a t  350 t o  
500 Mc. In order  t o  r e a l i z e  t h e  d r ive  D o w e r  l e v e l s  of F i g .  1 wi th  h igh  
overall e f f i c i e n c y ,  t h e  t r a n s i s t o r  d r i v e r  may r e q u i r e  a h igher  vo l t age  
than  the t y p i c a l  28-volt  supply,  e . g . ,  40 v o l t s .  Where such a (28,291 
I r egu la t ed  supply i s  a v a i l a b l e  t h e  s o l i d  state c i r c u i t r y  can opera te  
~ 
d i r e c t l y  off t he  supply, thus  e l imina t ing  t h e  need f o r  t h e  vo l t age  
I conversion equipment a s soc ia t ed  w i t h  vacuum tubes.  
j Using t h e  t h r e e  t r a n s i s t o r  dr ive  l e v e l s  of Fig. IC and va r ious  
combinations of doublers  and t r ip le rs  (from four  doublers  through t h r e e  
t r i p l e r s ) ,  a set of twelve block diagrams w e r e  prepared r e f l e c t i n g  the  
near - fu ture  technology of F ig .  IC. The o v e r a l l  d r i v e r - m u l t i p l i e r  e f f i -  
c i e n c i e s  of these  twelve combinations are p l o t t e d  in F ig .  6 as a func t ion  
of output  power level, and c ross -p lo t t ed  in Fig.  7 t o  emphasize t h e  f r e -  
quency dependence of e f f i c i e n c y .  
The choice between the varac tor  m u l t i p l i e r  and the  upconverter 
approaches i s  made p r imar i ly  on the  b a s i s  of t h e  s i g n a l  c h a r a c t e r i s t i c s  
and t h e  signal processing requirements f o r  t h e  s p e c i f i c  a p p l i c a t i o n .  
Although t h e  e f f i c i e n c y  of t h e  upconverter approach is  lower, it may 
approach t h e  e f f i c i e n c y  of t he  wider bandwidth va rac to r  m u l t i p l i e r  cha in .  
14 
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Thus the results of Figs. 6 and 7 may be considered as applicable to 
both approaches. 
At present the higher-performance solid-state devices are in only 
limited production, and short-term performance characteristics are not 
always reproducible. Few data are available on their long-term performance. 
Since the space environment may present further difficulties due to charged- 
particle flux and temperature and drive level variations, it should not be 
assumed that the high reliability normally associated with solid-state cir- 
cuitry will invariably be achieved with such devices in space communication 
applications, 
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111. VACUUM TUBES 
The four  primary types of vacuum tube ampl i f ie rs  considered 
(32,331 f o r  communications use i n  space vehic les  are t r i o d e s ,  
(38,39,40,41,42) k l y s t r o n s ,  (34 9 35) ampli t rons  (36y37) and TwTs. 
Tr iodes 
(43) in Appreciable power i s  a v a i l a b l e  from t r iodes  a t  1 kMc 
c a v i t y  a m p l i f i e r s ;  but above t h i s ,  power output ,  gain and e f f i c i e n c y  
f a l l  rap id ly  with frequency. Furthermore, a t  higher  f requencies ,  
long l i f e  and high ef f ic iency  become incompatible. 
The JPL Ranger transponders a t  L-band used an improved ve r s ion  
of the  ML 6771, i . e . ,  the ML 546 i n  a p a i r  of cascaded t r iode  cavi ty-  
a m p l i f i e r s .  The second t r i o d e  has a 3 - w a t t  output and an e f f i c i e n c y  
of 38 per  cent ,  so  t h a t  the two-stage o v e r a l l  e f f i c i e n c y  i s  2 5  per  cent  
a t  960 Mc. Complete telemetry t ransmi t te r  packages a t  2200-2300 Mc 
o f f e r  4-5 wat t s  output with over 10 per cent  o v e r a l l  e f f i c i ency- -  
* 
(45,461 
(45) and a minimum l i f e  of 5000 hours wi th  se rv i c ing  and maintenance. 
Although o v e r a l l  e f f i c i e n c i e s  a t  2 kMc ( including h e a t e r  power) of 
15 to  20 per  cent  f o r  a severa l - s tage  t r i o d e  a m p l i f i e r  a r e  poss ib l e  
a t  the 10 t o  20 w a t t  l eve l , (9 )  t h i s  drops t o  10 pe r  cent  a t  the 1-to-2 
w a t t  l e v e l ;  using r e l i a b l e  tubes operated t o  ob ta in  a 25,000 t o  
50,000 h r  l i f e  (32’33) r e s u l t s  i n  roughly h a l f  these  e f f i c i e n c i e s ,  
assuming one starts wi th  a few m i l l i w a t t  d r i v e  s i g n a l .  About the 
* 
For p l o t s  of the output power v a r i a t i o n  as a func t ion  of f i l a -  
ment vo l t age  over an  i n t e r v a l  of 16,000 h r s ,  s ee  Ref. 44. 
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b e s t  t ha t  i s  poss ib l e  without d e r a t i n g  f o r  extremely long l i f e  i s  
exhibi ted by the Mariner C t r i o d e  transponder.  
The Mariner C planned t o  use the Siemen's RH7C, (47) o r  an i m -  
proved ve r s ion  ( the V251) i n  the 2200-2300 Mc telemetry band. (48) me 
standard commerical ve r s ion  i s  r a t e d  f o r  4 w a t t s  a t  4 kMc i n  a cw 
o s c i l l a t o r  a t  14 per  c e n t  e f f i c i e n c y  (4.8 w a t t s  of h e a t e r  power and 
28.8 w a t t s  of p l a t e  power) b u t  e x h i b i t s  parameter changes a f t e r  
1000 h r  and has a t y p i c a l  l i f e  of 2000 h r .  The 6000 t o  8000 h r  l i f e  
des i r ed  f o r  the Mariner a p p l i c a t i o n  i s  not  obtainable  i n  p re sen t  
tubes a t  t he  10-watt l e v e l  a t  2 kMc. JPL funded the development of 
a n  improved tube (the V251) a t  Siemen's, having a n  o b j e c t i v e  of 1 db 
degradation i n  10,000 h r .  Although the  o r i g i n a l  tube was designed 
t o  permit ope ra t ion  up t o  6 kMc, t h i s  w i l l  no longer be poss ib l e ,  as 
the i n t e r n a l  spacings a r e  being increased and the  emission dens i ty  
lowered t o  ob ta in  more r e l i a b l e  ope ra t ion  a t  2 kMc. 
ment i s  designed t o  ope ra t e  from -10 
must be temperature-compensated; s t a b i l i z a t i o n  i s  accomplished by a 
tuning s l u g  which i s  h y d r a u l i c a l l y  ac tua t ed  by the f l u i d  i n  a bellows. 
A t  t he  8 t o  10 w a t t  l e v e l  the 2295 Mc V251 cav i ty  a m p l i f i e r  has  a 
ga in  of 13 db, a h e a t e r  power of 4.0 w a t t s ,  and a p l a t e  e f f i c i e n c y  
g r e a t e r  than 27 p e r  c e n t  (600 v o l t s ,  50 ma) f o r  an o v e r a l l  s i n g l e  
s t a g e  e f f i c i ency  of 23 t o  33 p e r  c e n t .  The 3 db bandwidth i e  7 Mc or 
0.3  p e r  c e n t .  
Since the  equip- 
0 t o  +75OC, the  output  c a v i t y  
Negative g r i d  tubes have been used a t  h ighe r  f requencies  than 
Using the WE416B (49) (designed for the  TD-2 2 kMc with long l i f e .  
overland microwave l i n k )  for example, a 100 Mc bandwidth i s  achievable  
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a t  4000 Mc ( 2 . 5  per  cent )  w i th  extremely long l i f e .  The output  power 
l e v e l  is  50 mw a t  9 db gain,  o r  500 mw a t  5 db gain;  the p l a t e  e f -  
f i c i e n c y  i s  less than 10 pe r  cent ,  and the o v e r a l l  e f f i c i e n c y  of the  
s i n g l e  s t age  is  l e s s  than 5 p e r  cent .  
Klys t rons  
E f f i c i e n t ,  r e l i a b l e ,  high-frequency operat ion has long been a 
c h a r a c t e r i s t i c  of power k lys t rons ,  and, i n  the range of 1 to  10 kMc, 
tubes a r e  r e a d i l y  a v a i l a b l e  a t  power l eve l s  from 1 kw to  100 kw cw. 
Although high-power cw k lys t rons  have typ ica l  beam e f f i c i e n c i e s  i n  
the  30 t o  45 per  cent  range (without c o l l e c t o r  depression) ,  l o w  and 
medium-power k l y s t r o n  a m p l i f i e r s  a r e  r a t h e r  poor i n  t h i s  regard 
because they have concentrated on ga in ,  no ise  f i g u r e ,  and s t a b i l i t y .  
Low t o  intermediate  power k lys t rons  focused only by e l e c t r o -  
s t a t i c  f i e l d s  i n  the  e l e c t r o n  gun, e .g . ,  Varian 's  VA-832, have had 
o v e r a l l  e f f i c i e n c i e s  of only 5 t o  10 per cent ;  an  improved v e r s i o n ,  
however, the VA-411, has  demonstrated 18 per  cent  beam e f f i c i e n c y  a t  
104 w a t t s  cw a t  8.8 kMc. ( 5 0 )  
i s  a n t i c i p a t e d .  
L i t t l e  f u r t h e r  improvement i n  e f f i c i e n c y  
ESF ( e l e c t r o s t a t i c a l l y  focused) k l y s t r o n s  are l i g h t  i n  weight 
(2  l b  o r  l e s s  s ince  they el iminate  the  conventional heavy permanent 
magnet), narrowband (and thus may r e q u i r e  no output f i l t e r i n g ) ,  
r e l a t i v e l y  i n s e n s i t i v e  to  load VSWR (possibly e l imina t ing  an output  
i s o l a t o r ) ,  and small ( S I '  diameter x e'' high a t  S-band f o r  a 
20-watt tube).  They are a l s o  r e l a t i v e l y  l e s s  s e n s i t i v e  t o  power 
supply r i p p l e  or other  supply vol tage f l u c t u a t i o n s  than a r e  syn- 
chronous beam devices,  and may have automatic p r o t e c t i o n  a g a i n s t  
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p o s i t i v e  i o n  bombardment of the cathode due t o  the ion  t rapping by 
the  focusing p o t e n t i a l  g rad ien t s .  
I n  the L3910 tube, (34y35y51) an ESF k l y s t r o n  us ing  l ens  e l ec -  
t rodes between the inpu t  and output  c a v i t i e s ,  and developed under the 
Apollo program, an o v e r a l l  e f f i c i e n c y  of 29 p e r  cen t  has been demon- 
s t r a t e d  a t  the 20-watt l e v e l  without depressed c o l l e c t o r  ope ra t ion .  
Sa tu ra t ed  gains  a r e  t y p i c a l l y  15 t o  45 db and bandwidths a r e  0 .1  t o  
0 . 3  p e r  cen t ;  high ga in  i n  low-power k l y s t r o n s  has always been asso-  
c i a t e d  with narrow bandwidth. 
The demonstration o f  high e f f i c i e n c y  i n  k l y s t r o n s  (65 p e r  c e n t )  
by means o f  biased output  gaps and a l s o  by means of d i s t r i b u t e d  i n t e r -  
a c t i o n  s t ruc tu re s  , (51) and the a s soc ia t ed  inc rease  i n  bandwidth of 
the l a t te r  approach, (51) has aroused i n t e r e s t  i n  the development of 
hybrid k lys t ron - t r ave l ing  wave tubes from 20 t o  500 w a t t s  f o r  space 
communications. 
Moderately high-power k l y s t r o n  tubes have demonstrated l i f e t i m e s  
of 5000 h r ,  and some tubes have exceeded 15,000 h r  of ope ra t ion .  With 
proper de ra t ing  of the cathode emission dens i ty  and with ion  t rapping,  
a l i f e t ime  of 50,000 h r  o r  more i n  low-power tubes should be r e a d i l y  
achievable s i n c e  the gun design i s  s imi l a r  t o  t h a t  of TWTs of the  
same power l e v e l  ( f o r  which such l i f e t i m e s  have been demonstrated).  
Since ESF conf igu ra t ions  d i f f e r  s i g n i f i c a n t l y  from conventional 
k l y s t r o n  design,  t h e i r  c a p a b i l i t y  f o r  long l i f e  o p e r a t i o n  cannot be 
taken for  granted;  i t  remains t o  be demonstrated. Thus a v a i l a b i l i t y  
of a f l i g h t  r a t e d  e l e c t r o s t a t i c a l l y  focused k l y s t r o n  i s  s e v e r a l  yea r s  
(52) away. 
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Amp1 i t rons 
A l ightweight  amplitron (a c ros sed - f i e ld  continuous cathode 
r e e n t r a n t  beam backward-wave ampl i f ie r )  f o r  space a p p l i c a t i o n s  was 
thought t o  be impossible some years ago because of the l a rge  magnet 
weight considered e s s e n t i a l  f o r  even a low-power tube. Since then a 
20 to  2 5  w a t t ,  2 - lb  tube (including magnet) has been developed 
which has an o v e r a l l  e f f i c i e n c y  of 40 t o  55 p e r  c e n t  while o f f e r i n g  
i n  a d d i t i o n  a moderately good gain,  17  db, i n s t e a d  of the 8 to  10 db 
c h a r a c t e r i s t i c  of high-power amplitrons.  Other tubes have been b u i l t  
and operated a t  from 10 to  100 watts f o r  up to  1500 h r .  Since high- 
power pulsed magnetron l i f e  has been r a i s e d  i n  recent  y e a r s  from a 
t y p i c a l  f i g u r e  of 50 h r  t o  values as high as 1000 t o  5000 h r ,  one 
might expect a low-power cw amplitron to  perform a t  least as w e l l .  
I f  so, the low-power amplitron would possess a reasonable l i f e  f o r  
some space a p p l i c a t i o n s .  
a v a i l a b l e  on recent ly  f a b r i c a t e d  tubes t o  i n d i c a t e  i f  the low-power 
ampl i t ron  is i n  the 5000 h r  l i f e  c l a s s .  
(36 , 37) 
It is  unfortunate  t h a t  no l i f e  data a r e  
To p r o t e c t  the d r i v e r  s tage  from r e f l e c t e d  output power ( the  
backward i n s e r t i o n  lo s s  i s  less than 2 db) as w e l l  as from reverse-  
d i r e c t e d  power genera ted  wi th in  the amplitron, a c i r c u l a t o r  o r  
i s o l a t o r  is d e s i r a b l e  a t  the input t o  the tube. The tube is n o t  
s t a b l e  under s h o r t - c i r c u i t  condi t ions nor a t  low RF d r i v e  levels,  
b u t  would not  be damaged under these condi t ions .  Like a l l  backward- 
wave mode tubes,  the ampl i t ron  is vol tage- tunable  and thus s e n s i t i v e  
t o  power supply vo l t age ;  i n  addi t ion ,  a constant  c u r r e n t  r e g u l a t o r  i s  
r equ i r ed  t o  s t a b i l i z e  the  output power level. Heater power must be 
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varied from start to operation; it also varies 
avoid shortening cathode life, a feedback loop 
from tube to tube. To 
must regulate cathode 
temperature. 
quisition, i.e., to recycle the anode output voltage automatically if 
drive power is momentarily lost. 
Logic circuitry is required to ensure proper mode ac- 
Despite these complications, an overall transmitter efficiency 
of 38 per cent including all power supply and control circuits has 
been reported (51) using a QK-1300, 20 watt cw %band tube. A s  part 
of the LEM program (Lunar Excursion Module), RCA awarded a subcontract 
to Raytheon for a large number of transmitters at about 40 per cent 
efficiency at the 25 watt level at S band. 
The space amplitron has been under development for several years, 
but the funding has until recently been at too low a level to supply 
any answer to the life question, or to produce electrically reliable 
reproducible tubes. The scope and funding of the LEM amplitron 
package development should be adequate to establish the capability 
of the ampli tron approach. 
Traveling Wave Tubes 
With the demonstration of 30,000 hr life on a dozen 5-watt M1789 
prototype TWTs for the Bell System's TH link (the production version 
is the wE444A) and the use of M1958 TWTs in a missile guidance 
system, (55) by late 1959 the TWT emerged as the best contender for 
communication satellite use above 1 kMc at power levels of a watt or more. 
* 
* 
The choice of triodes for the Advent program about October 1958 
led to the obsolescence of the communications payload design relative 
to current technology within a short interval, and contributed to the 
need for reorientation of the program. (53,541 
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NASA programs i n  communication s a t e l l i t e s  took cognizance of 
t h e i r  p o t e n t i a l  f o r  r e l i a b l e ,  e f f i c i e n t  power generat ion,  r e s u l t i n g  
Syncom, i n  TWTs f o r  Telstar, M4041; (38 , 55) Relay, A-1245; (42 , 56) 
314H;(39'57) with a backup TWT f o r  t he  la t ter ,  WJ-237. (58) TWT 
developments f o r  Advent, WJ-231; (59) Surveyor, 349H; (39) and MACS, 
WJ-251 (40) and the  X-1131; Apollo, 394H; (39) Pioneer,  214H; Mariner 4 ,  
216H; Lunar O r b i t e r ,  220H; Applicat ion Technology S a t e l l i t e ,  384H; 
Ear ly  B i r d ,  215H; and Saturn Telemetry, 212H were a l s o  funded. These 
programs represented d ive r se  f requencies  and power l e v e l s  and two 
focusing schemes--field r eve r sa l  and pe r iod ic  permanent magnet (PPM) 
focusing.  S t r a i g h t - f i e l d  permanent-magnet (PM) focusing has  been 
d isp laced  by the  l i g h t e r  one- or two-field reversal permanent-magnet 
approach, (38) and b i f i l a r  h e l i x  e l e c t r o s t a t i c  focusing has been 
e 1 imina t ed  (41) by PPM focusing.  The power l e v e l s  of t h e  space tubes 
range from 2 t o  35 w a t t s  of s a t u r a t e d  power, although TwTs a t  the  
100- t o  1000-watt cw l e v e l  f o r  a i rborne  and ground use a r e  r ead i ly  
a v a i l a b l e  from 1 t o  10 kMc. 
The h e a t e r  requirements of some of t hese  tubes a r e  shown i n  
* 
F i g .  8. The h igher  h e a t e r  powers sometimes correspond t o  l a r g e r  
cathodes.  This is necessary i f  longer l i f e  is requi red ,  s i n c e  the  
emission dens i ty  must be lowered. A l a r g e r  cathode and a h igher  
* 
The reader  is caut ioned not t o  draw conclusions regarding the  
r e l a t i v e  m e r i t s  of the  var ious  manufacturers ' tubes inasmuch as these  
data a r e  not  based on the  same c r i t e r i a .  
j e c t i v e s ,  some b e s t  va lues  on a single prototype tube,  o t h e r s  a r e  
average va lues  based on measurements on a s i g n i f i c a n t  number of tubes,  
while  s t i l l  o t h e r s  are guaranteed va lues .  
Some f i g u r e s  r ep resen t  ob- 
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convergence (cathode a rea  t o  beam a rea )  gun is  then designed. The 
d a t a  of F ig .  8, according t o  manufacturers’ p r e d i c t i o n s ,  correspond 
t o  a 30,000 h r  o r  more l i f e .  
bound set by p resen t  technology. 
are designed f o r  80,000 h r  l i fe .  
deple t ion ,  
o r  by inadequate chemical reac t ion  r a t e  of the coa t ing .  (38) 
tes t  data  (beyond the roughly 26,000 h r  accumulated to  date on each 
of a dozen tubes) a r e  required t o  s u b s t a n t i a t e  the 20,000 to  90,000 h r  
l i f e  p r e d i c t i o n s  i n  the case of some of t he  Hughes tubes because of 
t h e i r  r a d i c a l  departure  (39y57) from proven BTL technology. (38) 
The dashed l i n e  represents  the lower 
Some of the tubes above t h i s  bound 
End of l i f e  i s  s e t  by oxide 
(39760) inadequate d i f f u s i o n  r a t e  of the reducing agent ,  (39) 
Further  
Beam e f f i c i e n c i e s  (RF out/DC input )  of 30 per cent  are now 
r e a d i l y  obta inable .  Af t e r  ca re fu l  opt imizat ion,  the  average beam 
e f f i c i e n c y  of s i x t e e n  394-H tubes w a s  35 per  cen t ,  the average of 
f i f t e e n  215-H tubes and of one batch of s i x t e e n  384-H tubes w a s  
39 per  cen t .  
average. 
below the  average The preceding f i g u r e s  were Cor r a t e d  vo l t ages ,  a 
l i m i t e d  frequency band, b e s t  d r ive  l e v e l  (values are 2 per  cent  less 
f o r  non-optimum dr ive ) ,  and ambient temperature.  These r e s u l t s  are 
The median e f f ic iency  w a s  approximately equal t o  the 
The min mum e f f i c i e n c i e s  i n  the samples were 2 t o  4 per  c e n t  
s i m i l a r  t o  those achieved by other  manufacturers of space TWTs. (52)  
Many of the f a c t o r s  degrading TUT e f f i c i e n c y  (61) may prove amenable t o  
improvements. I f  such technique8 ae tapered slaw-wave s t r u c t u r e s  
(ve loc i ty  or phase t ape r ) ,  high perveance s o l i d  o r  hollow beame, and 
m u l t i p l e  s t a g e  depressed c o l l e c t o r @  (two o r  t h r e e  i n s t e a d  of j u s t  one) 
a r e  used, f o r  example, i t  may be p o s r i b l e  t o  o b t a i n  much b e t t e r  than 
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40 p e r  cent beam e f f i c i e n c y .  Traveling wave tube e f f i c i e n c y ,  u s ing  
such a n  optimized 40 p e r  c e n t  beam e f f i c i e n c y  f i g u r e  and the  lower- 
bound hea te r  power curve,  i s  shown i n  F ig .  9 .  
I n  present  TWTs used f o r  space communication, s o  many parameters 
a r e  involved i n  design t r a d e o f f s  t h a t  t h e  dependence of beam e f f i c i e n c y  
on e i t h e r  frequency o r  output  power i s  completely masked. Thus, a 
constant  beam e f f i c i e n c y  of 40 p e r  cent  has  been assumed. 
o f t e n  provide a higher  power output  a t  a p a r t i c u l a r  frequency i n  the  
band, and s e l e c t e d  tubes o f t e n  provide appreciably more power ou tpu t  
than the average. (57) Thus 50 per  c e n t  beam e f f i c i e n c y  can probably 
be demonstrated a t  p a r t i c u l a r  f requencies  by s e l e c t e d  tubes operated 
under optimum cond i t ions .  
including h e a t e r  power would then be p o s s i b l e .  
qu i r ed  tubes are  s e l e c t e d  from a l a r g e r  group which have passed q u a l i t y  
assurance tes ts .  Optimization and s e l e c t i o n  may permit 45 pe r  c e n t  
o v e r a l l  e f f i c i ency  a t  the  10 t o  20 w a t t  l e v e l  t o  be achieved w i t h i n  
a y e a r .  (62) 
a v a r i e t y  of o the r  approaches may r e s u l t  i n  even h ighe r  e f f i c i e n c y .  
Several  con t r ac t s  have been funded t o  provide high e f f i c i e n c y  i n  a 
20-watt 'IWT t r a n s m i t t e r  package (45 p e r  c e n t  f o r  the tube,  85 per  c e n t  
f o r  t h e  c o w e r t e r - r e g u l a t o r )  (52y 62) and t o  explore the p o s s i b i l i t i e s  
of l a r g e  improvements i n  TWT e f f i c i e n c y .  
Tubes 
Overa l l  e f f i c i e n c i e s  approaching 50 per  c e n t  
A t  p re sen t  the re- 
Combinations of t he  techniques previously mentioned p l u s  
(63,641 
Comparison of Vacuum Tubes 
So fa r  i n  t h i s  s e c t i o n  the p r e s e n t  technology i n  microwave 
ampl i f i e r s  f o r  use i n  space has been examined b r i e f l y  f o r  negat ive 
g r i d  tubes, f o r  k l y s t r o n s  and f o r  ampli t rone,  and i n  somewhat g r e a t e r  
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d e t a i l  f o r  TWTs . I n  choosing between these  four  vacuum- tube devices 
some of the f a c t o r s  most o f t e n  considered a r e  e f f i c i e n c y ,  power l e v e l ,  
(65) gain,  frequency, temperature s e n s i t i v i t y ,  modulation, l i f e ,  s i z e ,  
weight,  ( 6 5 )  r e l i a b i l i t y  , r e s i s t a n c e  t o  charged p a r t i c l e  r a d i a t i o n  and 
r e s i s t a n c e  t o  shock and t o  v i b r a t i o n .  A s  a r e s u l t  of the design 
choices made by tube designers  having space requirements i n  mind, 
many of these f a c t o r s  no longer provide a s s i s t a n c e  i n  making a choice 
w i t h i n  the frequency range of 1 t o  10 kMc a t  i n t e rmed ia t e  power l e v e l s .  
Thus with a proper choice of materials,  p a r t i c l e  r a d i a t i o n  need not  
be a problem f o r  vacuum tubes a t  these power l e v e l s ;  none of the fou r  
tube types appears t o  be inhe ren t ly  u n r e l i a b l e  on b a s i c  p r i n c i p l e s ;  
w i t h  a t t e n t i o n  t o  mechanical design, shock and v i b r a t i o n  environments 
can be t o l e r a t e d  even where the tubes must ope ra t e  during launch; t h e  
space amplitron and the e l e c t r o s t a t i c a l l y  focused k l y s t r o n  are 
c e r t a i n l y  competit ive i n  s i z e  and weight w i th  the t r i o d e  c a v i t y  amp- 
l i f i e r  and the TWT. Thus the s i g n i f i c a n t  d i f f e rences  which permit 
making a s e l e c t i o n  l i e  i n  the  remaining f a c t o r s .  These, however, 
tend t o  b e  i n t e r r e l a t e d  and t h e i r  i n t e r a c t i o n s  must o f t e n  be 
considered. 
Modulation involves  such c h a r a c t e r i s t i c s  as s t a b i l i t y ,  l i n e a r i t y  
and bandwidth. 
common to  both the t r i o d e  c a v i t y  a m p l i f i e r  and the  k l y s t r o n ,  s i n c e  
both use high-Q tuned c a v i t i e s .  
stagger-tuned (approximately maximally f l a t )  m u l t i c a v i t y  k l y s t r o n s  
providing 10 to 20 per  c e n t  bandwidth a r e  f e a s i b l e  i n  high-power tubes,  
b u t  a t  the few-watt l e v e l  a t  high e f f i c i e n c y ,  3 db bandwidths of 0.3 
Temperature s e n s i t i v i t y  and narrow bandwidth a r e  
I n t e g r a l  c a v i t y  t r i o d e s  (66) and 
(67) 
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t o  1 per  cent  f o r  t r iodes  and 0.1 t o  0.3 per  c e n t  f o r  k lys t rons  are 
t y p i c a l .  The space amplitron, however, has a constant-voltage band- 
width of 1 t o  2 per  cent ;  while f o r  space TWTs, 10 to  50 per cent  i s  
t y p i c a l .  The need f o r  cavi ty  temperature compensation of the t r i o d e  
c i r c u i t  complicates the  design and lowers the r e l i a b i l i t y ,  but may 
do so t o  a f a r  g r e a t e r  ex ten t  for  t he  k l y s t r o n .  S h i f t  of the k l y s t r o n  
c e n t e r  frequency by a l a rge  f r a c t i o n  of t he  bandwidth due t o  tempera- 
t u r e  i s  gene ra l ly  not  t o l e r a b l e  i n  such a very  narrow-band device. 
F i e l d - r e v e r s a l  PM-focused TWTs and PM space amplitrons can be r e l a -  
t i v e l y  i n s e n s i t i v e  t o  temperature change. PPM-focused TWTs for space 
use o f t e n  u t i l i z e  the new magnetic m a t e r i a l  platinum-cobalt  which has 
a s u f f i c i e n t l y  low temperature c o e f f i c i e n t  of magnetic f i e l d  that i t  
makes p o s s i b l e  r e l a t i v e l y  temperature- insensi t ive operat ion.  ( 6 0 )  
The f a c t o r s  of l i f e ,  e f f i c i e n c y ,  power l e v e l ,  gain,  and frequency, 
are c l o s e l y  i n t e r r e l a t e d  and must be treated as a group. For the  
p r e s e n t ,  both the  ESF k l y s t r o n  and ampl i t ron  cannot be considered f o r  
communication s a t e l l i t e s  because they have not  y e t  demonstrated ade- 
qua te  l i f e  on even a few samples. Advantages to  the  k l y s t r o n  may l i e  
i n  such areas as frequency and phase s t a b i l i t y ,  l i n e a r i t y ,  v a r i a b l e -  
Under power level of operat ion,  no ise  f i g u r e  and e f f i c i e n c y .  
e f f i c i e n t  operat ion,  k lys t ron  output power l e v e l  can be v a r i e d  by 
changing fewer power-supply vol tages  than on the  TWT. Where e f f i c i e n t  
ope ra t ion  over a wide power range is  e s s e n t i a l ,  the  s impler  k l y s t r o n  
power supply can represent  an advantage. 
e f f i c i e n c y  is p a r t i c u l a r l y  Important, the  space k l y s t r o n  may perform 
b e t t e r  than the  lUT--given a comparable investment i n  resources  for 
(35) 
A t  high power l eve l s ,  where 
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the development. In communications systems, however, the requirement 
for higher power is often a consequence of the demand for higher 
information rates. Thus, high power levels are associated with large 
bandwidths. In view of the narrow bandwidth and temperature sensi- 
tivity of the conventional cavity klystron, its value in communication 
satellites may be limited. Hybrid tubes, however, are a promising 
long range development. 
For communication satellite use the amplitron would have to 
demonstrate a life in excess of 30,000 hr to be suitable. For space 
missions, 10,000 hr might suffice. The amplitron not only requires 
a more complex power supply than the TWT, it places a number of con- 
straints on the input signals, and has significantly lower gain, and 
so it must provide a significant efficiency improvement over the TWT 
to be worth consideration. Part of its efficiency is offset by the 
cost in power and complexity of generating the higher drive signal. 
At the 20-watt level, a 50 per cent efficient amplitron appears 
necessary to compete with a 45 per cent efficient TWT purely on an 
efficiency basis. 
amplitron might offer a substantial advantage over a 45 per cent 
efficient TWT, but these characteristics are meaningless in the 
absence of life data. 
At the 500-watt level, a 55 per cent efficient 
If the amplitron proves to have short life, this would not 
eliminate crossed-field devices from further consideration for long- 
life space applications--it may only eliminate the continuous or 
distributed emission cathode. 
using injected beams ( 6 9 )  would circumvent this problem while offering 
(68) Crossed-field forward-wave amplifiers 
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many of t h e  advantages of the  TWT. 
f e a s i b l e  by research  workers a t  CSF. 
Such a space tube i s  considered 
A t  power levels of 1 w a t t  o r  more, t r i o d e s  cannot compete wi th  
TWTs on a n  e f f i c i e n c y  b a s i s  when l i f e t i m e s  of 30,000 h r  or more and 
f requencies  above 1000 Mc are considered. 
s t a g e  above 1000 Mc and the  high h e a t e r  power per  tube s t rong ly  
pena l i ze  t r i o d e s  i n  an  o v e r a l l  e f f i c i ency  comparison with the  TWT. 
Below 1000 Mc, the  s i t u a t i o n  may reverse--but  t h i s  i s  a l s o  the f r e -  
quency domain i n  which t r i o d e s  must  compete with s o l i d - s t a t e  devices .  
The low-gain-per-triode 
A t  about 1000 Mc and 10 w a t t s  cw, negat ive g r i d  tube c i r c u i t s  
w i l l  predominate (”) so long a s  they cont inue t o  o f f e r  c o s t  advantages 
mer s o l i d - s t a t e  designs;  but f o r  those few a p p l i c a t i o n s  where ex- 
tremely long l i f e ,  r e l i a b i l i t y  and e f f i c i e n c y  are the dominant f a c t o r s ,  
s o l i d - s t a t e  c i r c u i t s  a l ready  may o f f e r  a n  advantage without  r equ i r ing  
any breakthrough i n  the  s o l i d - s t a t e  f i e l d .  
t h e  supe r io r  power-handling a b i l i t y  of tubes p l aces  cu r ren t  s o l i d -  
s ta te  devices  a t  a disadvantage.  
lower f requencies ,  lower power l e v e l s ,  and lower bandwidth tend t o  
enhance the  p o t e n t i a l  e f f i c i e n c y  of t h e  t r i o d e .  
t he  t r i o d e  is a r e f l e c t i o n  of i t e  low c o s t  and ready a v a i l a b i l i t y ,  
of the  widespread understanding among e l e c t r o n i c  engineers  of t he  
techniques f o r  coaxia l -cavi ty  ampl i f i e r  design,  and of t he  ubiqui tous  
preference  f o r  in-house f a b r i c a t i o n  of hardware. 
A t  h igher  power l e v e l s ,  
Requirements for s h o r t e r  l i f e ,  
The extensive use of 
(48 1 
3 2  
S a t e l l i t e  TWT Voltage Converters 
S o l i d - s t a t e  microwave output  devices can be operated d i r e c t l y  
from a low-voltage r egu la t ed  supply.  I n  communication s a t e l l i t e s ,  
they a r e  the major load on the supply SO t h a t  i t  i s  reasonable t o  
optimize the energy source output  vo l t age  f o r  t h i s  load.  Vacuum tube 
devices ,  on the o t h e r  hand, r e q u i r e  a DC-to-DC high-vol tage converter  
t o  supply the  c o r r e c t  v o l t a g e s .  Thus the  i n e f f i c i e n c y  of a v o l t a g e  
converter  must be charged a g a i n s t  the TWT bu t  no t  a g a i n s t  t he  s o l i d -  
s t a t e  supply. For the comparisons of t h i s  s tudy,  r e g u l a t o r  perform- 
ance w i l l  be ignored because r e g u l a t o r s  a r e  p re sen t  i n  both systems, 
and the re fo re  w i l l  not have a s i g n i f i c a n t  i n f luence  on the comparisons. 
Voltage converters  a r e  l e s s  e f f i c i e n t  a t  low power l e v e l s  because 
of f i x e d  power requirements.  (60) 
l i t t l e  room f o r  improvement. The lower curve of F ig .  10 shows 
t y p i c a l  s a t e l l i t e  TWT converter  e f f i c i e n c y ,  and the upper one shows 
A t  t he  h ighe r  power l e v e l s  t h e r e  i s  
(70,711 about the b e s t  t h a t  has been achieved t o  d a t e .  
For optimum o v e r a l l  e f f i c i e n c y  , t h e  vo l t age  conve r t e r  must be 
designed t o  be used wi th  a p a r t i c u l a r  TWT. Thus the  converter  must 
be changed when the  tube i s  changed. The same i s  t r u e  f o r  t he  ampli- 
t r o n ,  but no t  f o r  t he  t r i o d e  and k l y s t r o n .  Since the  v a r a c t o r  
m u l t i p l i e r  does not  r e q u i r e  vo l t age  conversion while  t h e  TWT does, 
a combined e f f i c i e n c y  f o r  the TWT has been c a l c u l a t e d  us ing  the curves 
of F i g s .  8 and 10. The curve of F ig .  11 i s  c a l c u l a t e d  us ing  the 
" r e f ined  design" curve of F i g .  8,  the assumption of a 40 p e r  c e n t  
beam e f f i c i ency  independent of output  power and the "best" v o l t a g e  
conversion e f f i c i e n c y  curve.  The l a t t e r  curve i s  used twice, once 
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f o r  the r egu la t ed  power required f o r  the  h e a t e r  and once f o r  the 
beam power. 
I n  summary, the  'IWT has no immediate competitor i n  the vacuum 
tube f i e l d  above 1 kMc f o r  power levels of 1 w a t t  o r  more and l i f e -  
times i n  excess of 30,000 h r .  
the near  f u t u r e  f o r  intermediate  l e v e l  power generat ion f o r  communi- 
c a t i o n  satellites a t  4 kMc are va rac to r  m u l t i p l i e r  chains  (of ten  
w i t h  parametric upcomrerters) and TWTs. 
Therefore the  primary contenders i n  
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IV. COMPARISON OF VARACTOR MULTIPLIERS AND TWTS 
A fairly complete comparison between solid-state devices and 
microwave tubes would require detailed quantitative examination of 
over a dozen characteristics. To reach conclusions about a preferred 
choice would involve different weightings of these characteristics 
for each application considered. To indicate that a single line of 
demarcation can be drawn (72) is misleading. The transition region 
between two such broad technologies can be expected to be broad, e.g., 
ranging over perhaps two decades in power level for six decades of the 
frequency domain. ( 7 3 )  To examine the crossover between varactor-multiplier 
chains and TWTs for only one parameter, efficiency, is to focus on one 
important variable for which meaningful quantitative comparisons can 
be made. A single line of demarcation may be a valid guide in this 
case. 
Using the TWT plus voltage converter combined efficiency curve 
of Fig. 11 as a function of output power level, and the varactor 
multiplier chain efficiency curves of Fig. 6 as a function of output 
power level, the locus of equal efficiencies has been plotted in 
Fig. 12. Thus near-term future performance of the solid state 
multipliers is compared with TWT developments in the same time period. 
In Fig. 12, power is terminated at about 50 watts at 1000 Mc; for a one 
or two diode output stage, this power limit may remain for some time. (17) 
A t  the higher frequencies and power levels the TWT has a decided 
advantage. A t  lower frequencies and powers the solid state approach 
has an advantage. Thus, for frequency-stable local oscillators and 
for low-level drivers, the solid state approach is preferred. The 
lighter weight of the solid state approach at the low power levels tends 
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t o  favor s o l i d  s t a t e  even more than i s  ind ica t ed  by t h e  e f f i c i e n c y  
comparison alone. The i n s t a n t  opera t ion  wi thout  warmup and poss ib ly  
smaller s i z e  of package which t h e  s o l i d - s t a t e  approach could provide 
are not  s i g n i f i c a n t  i n  t h i s  app l i ca t ion .  Under t h e  condi t ions  
of a 60' C change i n  ambient,  t h e  crossover  wi th  TWTs, whose e f f i c i e n c i e s  
are r e l a t i v e l y  i n s e n s i t i v e  t o  temperature ,  may be moved r a d i a l l y  
inward as much as i s  shown i n  Fig. 13. For a 60 C change i n  temperature ,  
t h e r e  i s ,  however, a s m a l l  change i n  t h e  TWTs magnetic focusing and 
i n  t h e  converter output vo l tage ;  each may cause a 2-4 per  cent  
decrease i n  e f f i c i ency .  (60) 
des ign  convenience of the  t r i o d e  without  t he  de l ay  and expense of 
cont rac t ing  f o r  a TWT opt imiza t ion  program. 
( 7 4 )  
0 
S o l i d - s t a t e  chains  o f f e r  t h e  in-house 
Both t h e  TWT and t h e  va rac to r  m u l t i p l i e r  chain are  s e n s i t i v e  t o  
d r i v e  leve l  v a r i a t i o n s .  Whereas t h e  change i n  output  power f o r  a 
TWT i s  only a couple of per  cent  f o r  a 1 db change i n  input  s i g n a l  
l eve l ,  the change i n  m u l t i p l i e r  output  may be  many times t h i s  much. 
It i s  a funct ion of t h e  type of diodes,  t h e  c i r c u i t  design") and 
t h e  number of cascaded s tages .  (27) 
be as l i t t l e  a s  5 per  cent  o r  as much as t e n  t i m e s  t h i s .  
For a se l f -b i a sed  t r i p l e r ,  i t  may 
(1) 
The s a t u r a t e d  TWT, t h e  va rac to r  m u l t i p l i e r  and t h e  paramet r ic  
upconverter are a l l  non-linear devices .  This  does n o t ,  however, 
preclude t h e i r  use i n  communication s a t e l l i t e s  f o r  process ing  the  
output  s ignal .  
c h a r a c t e r i s t i c s  and l i m i t a t i o n s  (and t h a t  of  t h e  mixers ,  I F  a m p l i f i e r s  
and o ther  devices  i n  t h e  s i g n a l  pa th)  as a func t ion  of t h e  modulation, 
t he  number of independent s i g n a l s  involved,  and t h e i r  re la t ive  s t r eng ths .  
A s u b s t a n t i a l  body of l i t e r a t u r e  ex is t s  on t h e  theory and c h a r a c t e r i s t i c s  
It does mean t h a t  due regard  must be g iven  t o  t h e i r  
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of  t h e  TWT under l a rge  s i g n a l  condi t ions  and on i t s  c h a r a c t e r i s t i c s  
under mul t ip le  s i g n a l  operat ion.  
t h e  mul t ip l e  s i g n a l  c h a r a c t e r i s t i c s  of t h e  va rac to r  m u l t i p l i e r  (1,831 
and t h e  parametric upconverter.  
s a t e l l i t e  b u i l t  by Lincoln Laboratory and now i n  o r b i t  (LES-2) processed 
t h e  r ad ia t ed  s i g n a l  through two cascaded paramet r ic  upconverters .  
Two tone intermodulat ion tes t s  on a paramet r ic  upconverter show tha.t 
t h e  t h i r d  order  product i nc reases  r e l a t i v e  t o  t h e  carr ier  as t h e  output  
s i g n a l  t o  pump e f f i c i e n c y  improves e .g . ,  -50 db a t  1% and -17 db a t  
about 507, e f f i c i ency .  
i s  about t he  same amplitude when t h e  tube i s  near  s a t u r a t i o n .  
Much less i s  ava. i lable  on (75-82) 
The a l l  s o l i d  s t a t e  communication (84)  
(20,31,85) 
The TWT t h i r d  order  intermodulat ion product ( 8 4 )  
( 8 0 )  
It appears t h a t  f o r  l i f e t i m e s  i n  excess of 30,000 h r ,  and f o r  
frequencies about 1000 Mc, TWTs and va rac to r  m u l t i p l i e r  chains  have 
no competitors of comparable e f f i c i e n c y  a t  p re sen t .  The engineer ing  
choice between them i s  made p r imar i ly  on the  b a s i s  of f requency,  power 
l e v e l  and modulation cons ide ra t ions ,  but  i s  in f luenced  by a v a r i e t y  of 
system and c i r c u i t  design dec i s ions .  For some types of communication 
s a t e l l i t e s ,  the  re la t ive  importance of some of the  f a c t o r s  may be 
g r e a t l y  a l t e r e d  or  new c o n s t r a i n t s  may be introduced,  e . g . ,  no s t r a y  
magnetic f i e l d .  Only a f t e r  a d e t a i l e d  s p e c i f i c a t i o n  of  requirements 
has been made can a s i n g l e  one of t he  devices  d iscussed  be  s e l e c t e d  
as optimum f o r  a p a r t i c u l a r  a p p l i c a t i o n ;  no one vacuum tube o r  s e m i -  
conductor device i s  the  answer t o  every system. 
Although T e l s t a r ,  Relay and syncom a l l  obtained most of t h e i r  
ga in  a t  I F  and used a s a t u r a t e d  TWT output ,  (a uni formi ty  worthy of 
no te ) ,  other  c i r c u i t  conf igura t ions  have a l s o  been under s tudy .  
Linear  output s t a g e s ,  TWT r e f l e x  techniques and s o l i d  s t a t e  m u l t i p l i e r  
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circuits were among those considered. A highly linear TWT (to be 
( 5 3 )  operated 4 db below saturation) development was funded for Advent. I 
Given the costs of prime power in space, the efficiency penalty of 
linear systems makes them unattractive; thus they have been discarded 
for the present. The simplicity of TWT reflex techniques and other 
direct microwave amplification schemes was first thought to offer 
(86) a saving in system weight; 
hardware show improved reliability (87,881 
more recent studies based on laboratory 
instead. In addition, they 
may offer larger bandwidth,(87) less phase distortion, time delay 
and AM/PM conversion,. and better amplitude linearity and gain 
flatness then the IF approach. (82) A laboratory demonstration of 
two way simultaneous communication through deviation multiplying 
repeaters (both a doubler and a tripler were used) was reported on 
and analyzed on Project Relay. (83) 
Advances in technology coupled with widening applications for 
communication satellites will result in considerable diversity among 
future communication satellite systems. When the information rates 
of interest span the range from a few bits per second to tens of 
thousands of voice channels or tens of color television channels, and 
the multiple access requirements may range from two terminals to 
1000 ground terminals operating through one satellite, a single 
satellite design is inadequate. 
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